The high density of electroplating factories in the geographic middle of Taiwan has prompted concern over the potential for exposure to harmful metals. The present study aimed to determine the levels of chromium in whole blood (B-Cr) of residents living in the high vs. low factory-density areas, and to examine the relations to gender and age. A total of 660 residents who had not moved within the 5 years preceding the study were sampled according to the stratified random sampling approach, at ages 35-44, 45-54, and 55-64 years, for both genders. Chromium determinations (n ¼ 641) were made using a graphite furnace atomic absorption spectrometer. The geometric mean (95% C.I.) of B-Cr was 0.357 (0.34-0.38) mg/l. The International Federation of Clinical Chemistry (IFCC) nonparametric 0.95 reference limits of B-Cr was estimated to be o0.905 mg/l. B-Cr levels decreased with increasing age. Subjects in the areas with a high density (0.38 mg/l, 95% C.I.: 0.36-0.40) of electroplating factories had significantly higher B-Cr levels, compared to residents of the low-density (0.27, 0.25-0.30) areas and to the general population from western countries. The health significance of the elevated B-Cr remains to be determined.
Introduction
Metal contamination of agriculture soil has been documented in Changhua County, a rural area of approximately 1074 km 2 situated in the middle of the island of Taiwan (ROCEPA, 2002) . While the origin of the contaminants is not known absolutely, the metal-work-related factories in the region are suspect. Most of the industrial plants in Changhua County are located in the northern region (e.g. Changhua City, Hemei, Lugang, Sioushuei and Huatan) ( Figure 1 ) and served metal work, electroplating, and other metal surface treatment industries. These plants have long been suspected of discharging wastewater containing large amounts of heavy metals including chromium into irrigation channels and rivers (IDBMOEA, 2002; Lin et al., 2002; ROCEPA, 2002) .
Chromium is found in several oxidative and physical forms that differ substantially in their toxicological potency.
Among the major oxidative states of chromium encountered in occupational and environmental settings, chromium (VI) is a procarcinogen that is reduced intracellularly to form DNA-damaging species while chromium (III) is considered to be essential in nutrition and for the maintenance of normal glucose tolerance (Versieck and Cornelis, 1989; Chi, 1997; Zhitkovich, 2002) . Chromium (VI) does not itself bind to DNA but is reduced to chromium (III) which does. The binding of chromium (III) is insufficient to damage DNA in vitro and it is supposed that damage arises from intermediates in the reduction process, perhaps intermediate valence states of Cr itself (Wetterhahn and Hamilton, 1989; Aiyar et al., 1991; Standeven and Wetterhahn, 1991) .
Exposure to chromium (VI) compounds has been consistently found to be associated with an elevated incidence of respiratory cancers and other adverse health effects (IARC, 1990; Langardt, 1990; Sorahan et al., 1998) . The genotoxic potential of chromium (VI) has been confirmed in animal experiments and in several cell-based assays (Biedermann and Landolph, 1990; Snow, 1992) . Chromium (VI) is the second most potent allergen after nickel and chromiumcontact allergies are frequently found among occupationally exposed workers. The highest incidence of chromium sensitivity is found in chromium-plating industry, manufacturing of mineral pigments, shipbuilding, textile industry, and cement-exposed builders (Baruthio, 1992) . A previous study conducted for the electroplating workers exposed to chromic acid in middle Taiwan has shown the associated health effects on immunological parameters (Kuo and Wu, 2002) .
The present study aimed to determine the levels of chromium in whole blood (B-Cr) of randomly selected Changhua residents, assess the significance of the metal exposure and parameters including physical location, gender and age, and to compare the determined chromium reference values of Changhua residents with those from other countries.
Methods

Study Area and Subjects
Data of soil metal pollution was acquired from the Environmental Protection Administration of the Republic of China (ROCEPA, 1989 (ROCEPA, , 1992 (ROCEPA, , 2002 and data of factory registration downloaded from an online database of Industrial Development Bureau Ministry of Economic Affairs (IDBMOEA) at website: http://www.moeaidb.gov.tw/ Fidbweb/index.jsp. This allowed areas with both contaminated soil and both high and low concentrations of electroplating factories to be identified. Subjects were recruited from seven different townships of Changhua County; Changhua City (A), Hemei (B), Lugang (C), Sioushuei (D), Huatan (E), Hsicou (F), and Erhshui (G) (Figure 1 ). Townships A-E were considered representative of the environment encountered by the largest proportion of the Changhua population. These five townships containing most of the metal-work-related factories in Changhua were considered as the high factory-density areas. The other two townships, F and G, were the control areas (the low factorydensity areas); few metal-work-related factories were located in these townships.
The selection process also utilized population census data of the Ministry of the Interior of the Republic of China. To be eligible, subjects needed to be 35-64 years of age and to have resided in their present household for at least 5 consecutive years at the time of recruitment. By means of stratified random sampling approach for each study area, we further stratified the study population by gender into three age groups (35-44, 45-54, and 55-64 years) and 22 villages. Five residents were selected in each stratum (2 Â 3 Â 22=132 strata), thus a total number of 660 subjects were recruited. Home interviews were conducted with the candidates by local public health nurses. Those who agreed to participate were given an information sheet outlining the details of procedures and related outcomes, and were asked to provide formal written consents. Ethics approval for this study was obtained from the Human Ethics Committee of the National Health Research Institutes, Taiwan (approval no. EC9109002). After obtaining informed consent, a questionnaire was administered by the interviewing nurse for the purpose of collecting information on residential and occupational history, personal habits, lifestyle, and medical history. All participants also provided a blood sample (see below), which was collected by nurses accompanied by a physician at a local cooperative health center.
A total of 649 people completed the questionnaire and provided a blood sample. However, the sample volume was insufficient for eight subjects. Thus, the study results were based on 641 subjects. The general characteristics of the study population are summarized in Table 1 .
Sample Collection
Blood samples were collected as previously detailed (Cornelis et al., 1996) to minimize contamination, deterioration, and overestimation of chromium levels. The conventional use of a needle and syringe and heparin anticoagulant was avoided, to minimize their potential as contributors of chromium (Versieck et al., 1982; Minoia et al., 1992; Christensen et al., 1993) . Instead, the BD Vacutainer s Evacuated Blood Collection System (Becton Dickinson, Franklin Lakes, NJ, USA) was used to collect venous blood samples in 7-ml BD Vacutainer s tubes (for trace element tests) (REF 367735, Belliver Industrial Estate, Plymouth, UK). All participants were notified not to eat seafood for 3 days and to have fasted for 10 h prior to specimen collection.
Blood samples were kept on ice during transport to the laboratory (within 2 days). At the laboratory, samples were aliquoted and frozen at À201C until analysis was carried out. Trace metal analysis was conducted within 1 month of blood collection.
Chemical Analysis
A method for the graphite furnace atomic absorption spectroscopy analysis of diluted human whole blood (Huang et al., 2000) was modified as detailed in Table 2 . Chromium analyses of the 641 whole blood samples were performed using a PerkinElmer SIMAA 6000 Graphite Furnace Atomic Absorption Spectrometer (GFAAS) with transversely heated graphite furnace and Zeeman background correction (PerkinElmer, Bodenseewerk, Ü berlingen, Germany). Automated dilutions and injections were made with a PerkinElmer AS-90 autosampler. The spectrometer and autosampler were controlled by AA Winlab software (PerkinElmer).
Our experiments showed that the calibration curve obtained by adding the standard in the different amounts of chromium to the diluted samples were highly linear, at least up to 10 mg/l. The slope of the standard addition method for the five-fold diluted whole blood was 0.0153, which was very close to that of the aqueous standard. It indicated that the standard addition method is not required for the determination of chromium for the diluted whole blood when using 5 mg Mg(NO 3 ) 2 as the matrix modifier. In this study, chromium standard solutions were prepared by diluting the 1-g/l chromic acid stock solution in deionized water to give final concentrations of 0, 2, 4, 6, 8, and 10 mg/l. Table 3 summarizes the performance of the analytical procedure in terms of recovery, precision, and method detection limit (MDL) (see Appendix A).
Quality Control
In addition to the rigorous screening and clean sample collection protocols that were observed, blood-based quality (Table 4) , analysis was halted and both the equipment and all aspects of the analytical procedure were checked. Subsequently, the failed QC analysis would be repeated once. If performance standards were met, analysis continued. If standards were not achieved, all results that had been obtained between the successful and failed QC runs were discarded and reanalysis of the affected samples was performed. In addition, during the period of sample analysis, control charts were established to monitor if any of the determinations exceeded the QC limits based on the statistical probability. The run was rejected when any of the following conditions occurred. First, one control observation exceeded the limit of mean73 SD (standard deviation). Second, two consecutive different controls exceeded the limit of mean72 SD. Third, 10 consecutive control observations felled on the same side of the mean. Table 3 . Precision, accuracy and determination power of the GFAAS determination of chromium in whole blood samples. Chromium biomonitoring in exposed populations Chang et al.
Statistical Analyses
Data were calculated and analyzed by using EXCEL (Microsoft s EXCEL 2002, Redmond, WA, USA) and SPSS software (Version 10.0;. SPSS, Chicago, IL, USA). Descriptive statistics including arithmetic mean (AM), SD, geometric mean (GM), median and percentiles were calculated. Concentrations below MDL were set to MDL/2 for further data treatment. The normality and log-normality of the results were evaluated by using the KolmorogovSmirnov statistics (K-S test). One-way analysis of variance (ANOVA) was used to test the hypotheses that there were no differences in chromium levels between genders, age groups, and residential areas. A Po0.05 (two-tailed) was considered statistically significant when testing the hypotheses.
The reference limits were estimated according to the procedures recommended by International Federation of Clinical Chemistry (IFCC) (Solberg, 1987 ). An established protocol was used to reject outliers (Dixon, 1953) . In the latter test, if the observed value of D (the absolute difference between an extreme observation and the next largest observation) was equal to or larger than one-third of the range R, the extreme observation would be deleted (Reed et al., 1971) . Nonparametric methods were preferred because their estimation was robust to the distribution of the measurement results. No lower reference limit was reported if the 0.025 fractile fell below the MDL.
Results
Chromium Levels in Whole Blood
None of the distributions of B-Cr were found to be normal or log-normal (Figure 2 ). Therefore, it was unsuitable to present the results as the mean7SD due to the skewed distribution of the value obtained. The skewed distribution of the measurement results suggested that nonparametric methods should be adopted for the latter estimations of IFCC reference limits. Table 5 summarizes the concentrations of B-Cr of the Changhua population aged 35-64 years. Approximately 5.5% of measured values for B-Cr were below the MDL (0.133 mg/l). The estimated GM and the 95th percentile of BCr were 0.357 and 0.790 mg/l, respectively. The median value and the GM were preferable because of the observed good agreement between them. The B-Cr levels apparent in the blood samples collected from the high factory-density area were significantly higher than that of the control area. However, B-Cr levels tended to increase with decreasing age.
Calculated Reference Limits
The nonparametric 0.95 IFCC reference limit of B-Cr was estimated to be o0.905 mg/l (Table 5) .
Comparison between Data from the Literature
Compared with other general populations, the AM, GM and IFCC reference limit of B-Cr were approximately two times higher than the values of healthy population samples from Italy, the United Kingdom and Spain (Table 6 ).
Influencing Factors
The influences of age group and residential area on B-Cr levels were highly significant (Po0.05), but there was no significant effect from the gender (Figure 3 ).
Discussion
Biological monitoring is an efficient tool of monitoring individual exposure for many toxic elements. Unfortunately, unequivocal reference levels cannot always be established. Reference levels may differ between countries and regions, and exposure to the particular noxious compound can change over time due to fluctuations in environmental exposure and lifestyle changes. Thus, reference intervals must be established at regular intervals and with respect to the appropriate influence factors (Kristiansen et al., 1997) . In addition, since many factors influence the biomonitoring results, characterization of the reference population and strict quality assurance during sampling and chemical analysis are Chromium biomonitoring in exposed populations Chang et al.
extremely important (Minoia et al., 1990 (Minoia et al., , 1992 Alessio, 1993; Vesterberg et al., 1993; Christensen, 1995) . A recent review on trace element reference values in blood, serum, and urine in the Danish population (Poulsen et al., 1994) showed several shortcomings in some studies, mainly due to a low number of reference persons or insufficient characterization of the reference group.
Some researchers suggested that urinary chromium determination was a suitable approach for the biomonitoring of workers exposed to high-level chromium and its compounds, mainly due to the established relationships between chromium exposure and chromium excretion, and the easier specimen collection than blood (Lewis, 1997; Rosenberg and Harrison, 1997; Huang et al., 1999) . However, in recent studies whole blood and plasma were found to be a more definitive gage of environmental monitoring than urine chromium levels (Paustenbach et al., 1997) . In this work, we discussed blood chromium mainly based on three reasons: firstly, our discussion focused on general population's exposure, not workers'. Theoretically, for the general population investigated there should not be as high-level exposures as workplace. Also, easiness of specimen collection was not the only consideration we concerned; secondly, blood analyses could provide information on not only blood chromium concentration but also other biological parameters (Huang et al., 1999) . These parameters might be useful for other researches; and thirdly, blood chromium was recommended as a biomarker by institutes of occupational health and safety in some countries as well as urinary chromium (Harada, 1990; DFG, 1992; HSE, 1992) .
The present study is important and valuable because of the large number of people sampled, their precise characterization and the strict QC measurements enacted. In Taiwan, there have been few comparable studies, except for those dealing with blood lead levels of Taiwanese adults and school children (Liou et al., 1996a, b; Wang et al., 2002; Yang et al., 2002) .
Despite the aforementioned care in sample collection and analysis, the reference values of B-Cr estimated in this study are not representative of the entire Changhua population. This is because we selected subjects almost exclusively from metal-contaminated and industrial areas, which may have produced an overestimation of the reference values. Nevertheless, in the absence of alternative sources in Taiwan, it is still valuable to compare these chromium reference values with the intervals determined in other studies to clarify the (Minoia et al., 1990) Spain (n ¼ 144) ICPMS 0.2 0.1-1.1 (range) (Llobet et al., 1998) United Kingdom (n ¼ 134) (White and Sabbioni, 1998) differences between different populations and to identify trends in the increase or diminution of environmental exposure to chromium of toxicologically significant levels of chromium.
Regarding chromium measurement results below detection limit, many researchers used half of the detection limit to replace measurements below the detection limit (Christensen et al., 1993; Llobet et al., 1998; Paschal et al., 1998; Seifert et al., 2000) . In Paschal's study, calculation of the medians and distribution statistics using DL/2 (half of the detection limit) and DL/(2 1/2 ) as substitute data did not result in estimates that were statistically significant different, so the substitution of DL/2 was used for all ''missing (less than DL)'' data. Regarding the other researchers, White and Sabbioni considered that if a large proportion of samples gave values below the MDL, the median value could be reported (White and Sabbioni, 1998) . In addition, Ba´ra´ny et al. (2002) did not reject or change any results below the detection limit to avoid distorting the distributions, mean or median values. In the present study, we did not exclude data less than DL to avoid overestimating the chromium levels of the Changhua population but used MDL/2 to replace measurements below the MDL and made further statistical analyses. However, only 5.4% of measurements in this work were below the MDL (Table 5 ) and neither significantly distorted the distributions and descriptive statistics nor changed the results of hypothesis testing.
A direct comparison of the situation in Changhua, Taiwan with that in other areas of Taiwan or in other Asian countries is difficult due to the limited number of large-scale and general population studies. With regard to the human biomonitoring data and the year of sampling, the results of this present study can most fruitfully be compared with several European studies (Minoia et al., 1990; Llobet et al., 1998; White and Sabbioni, 1998) , as listed in Table 6 . Even these comparisons are limited, however, given the variations in populations, analytical methods and data treatment.
Presently, a statistically significant correlation was found between age group and B-Cr concentration, with an agerelated decrease evident. Until further information is available on occupational history or exposure routes, the basis of this decreasing trend remains unexplained. In addition, statistical analysis showed B-Cr levels to be significantly higher in the high factory-density areas than in the control areas. This observation was expected and seems reasonable. However, further environmental risk assessments are necessary to yield the scientific evidence linking the factories to the observed environmental chromium levels.
In conclusion, this study provides valuable data for environmentally related health monitoring and reporting. The data serves as a basis to establish chromium reference values to characterize the population's internal exposure to environmental chromium contamination. It is anticipated that the present results will lead to a revision of these reference values and to the creation of companion reference values for other substances of concern. Furthermore, despite our observation of higher B-Cr levels in the Changhua residents as compared to the general population from western countries, it is still unknown if the B-Cr levels will be higher than those of residents residing in other areas of Taiwan. Selection of other appropriate counties as control areas to be compared with Changhua may help distinguish whether or not the higher B-Cr levels in Changhua is a local phenomenon. Lastly, the question of whether the elevated chromium levels indeed pose a health risk warrants further investigation. Whole blood Cr (µg/l) Figure 3 . Geometric means of chromium in whole blood (mg/l) according to gender, age group, and residential area. Mean values795% confidence interval for mean. Age group and residential area significant at Po0.05. Gender not significant (ANOVA after logarithmic transformation).
